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Abstract

affects device performance.

Sea wave energy generators or converters (WECs) have the potential to become a viable technology for clean, renew-
able energy production. Among the WEC technologies, the oscillating water columns (OWCs) are the most common
WEC devices studied. These have been studied and developed over many years. Multi-chamber oscillating water
columns (MC-OWC) have the potential to have a higher energy conversion when extracting energy in mixed sea states
than single-chamber devices. In the work reported in this paper, physical experiments are carried under regular wave
conditions to test the wave power extraction of a fixed MC-OWC small-scale model. The Power Take-Off (PTO) of the
device is simulated using orifice plates. The flow characteristics through these orifices are pre-calibrated such that the
extracted power can be obtained only using the pressure measurement. Wave condition effects on the damping of the
PTO of the device power extraction are addressed. The test results illustrate that the PTO system damping is critical and
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1 Introduction

Renewable energy sources have a fundamental role in
the reduction of air pollution, especially CO, emissions.
Solar, wind, and ocean energies are being harnessed as
future sources of zero-emissions energy [1]. Among all
the renewable energy sources, ocean resources have the
potential to become a major contributor to the clean
energy market with areas of substantial energy density
around the world [2-4]. Despite the abundance of ocean
energy, it remains the least developed renewable energy
sector, particularly when compared to wind or solar. This
is due to technical challenges being the development of
technologies to generate optimum energy, at the lowest
cost, with the least environmental impact. Also, the policy
and regulation challenges and investment challenges [5,
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6]. Recently, there has been a growing interest in the use
of the energy in sea waves for electricity generation [7-9].
A large variety of Wave Energy Converters (WECs) have
been proposed and tested under different conditions [10].
This has led to several successfully demonstrated proto-
type devices that have been connected to commercial
power grids [11, 12]. Most devices remain at the initial
stage of development. Oscillating water columns (OWC),
either fixed structure or floating, are one of the most
effective ways of generating electrical energy from the
kinetic energy contained in ocean waves [12—14]. There
are few studies on multi-chamber OWC (MC-OWCQC)
device in terms of its concept and performance [15, 16].
However, the OWC is probably the most sea-deployed
type of WEC. Mutriku is one of the early wave farms
which has fourteen OWCs [17]. According to Falcdo et al.
[18] and Nachtane et al. [19], most OWC research has
been centred on stand-alone devices, i.e., with only one
chamber, and there are either shorelines or near-shore.
The optimum performance of these devices is usually
obtained at the chamber resonant period [20, 21]. Both
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experimental wave tank testing and numerical modeling
are the most common and powerful approaches utilized
during the design and development of a wave energy con-
verter [22]. OWC devices have been extensively examined
through theoretical, numerical, and experimental studies.
It should be noted that physical testing is expensive and
may require several trials before reaching the final model
design [23, 24], but wave tank experiments with small-
scale models with controlled ideal environmental con-
ditions are an important step in wave energy converter
development.

Australia has a large wave energy resource which is one
of the largest worldwide [25]. By 2020, wave energy could
potentially generate about 10 % of Australia’s renewable
energy [26—28]. Recently, the New South Wales (NSW)
government has upgraded many ports and jetties. These
locations would be good places to deploy WECs. To
address this, a four-chamber small-scale OWC prototype
was constructed at the University of Technology Sydney.

This proposed device planned to be part of the new
port and jetties structure. The design of this model was
the outcome of several years of research and development
[29]. The first design was built and tested at the University
of Glasgow in 2003, it was three-chambers OWC device
[30, 31]. The model concept was verified, and a math-
ematical model was developed to describe the device’s
hydrodynamic performance. In 2012, Hsieh et al. [32]
constructed and studied a wall-mounted OWC small-
scale model. This had two chambers each with a Savonius
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turbine which were mechanically linked together. After a
few years, a different arrangement using a four-chamber
OWC arrangement was tested in a wave tank under regu-
lar wave conditions [33]. Further development stages for
this prototype were discussed in Ref. [20].

Although the previous MC-OWC studies gave an
insight of the device operation, the impacts of the PTO
damping on airflow rates, air pressure, inner cham-
ber water surface elevation, and device capture width
ratio during varying wave conditions have not been fully
addressed. The work reported here developed existing
knowledge by investigating the omissions in previous
studies and presenting explanations of the wave period,
wave height, PTO damping effects on MC-OWC opera-
tion using an experimental approach.

2 Experiments

2.1 Experimental Setup and Test Conditions

The manly hydraulic laboratories (MHL) wave tank in
NSW, was utilized for the study, and this is shown in Fig-
ure 1. It has a length of 30x 10® mm, a width of 1000 mm,
and 1.8 x 10> mm depth. The testing area of the tank is
about 0.7 m long, which is 15 m from the wave-making
paddle. The flap-paddle wave-maker uses an electrical
actuator situated at the left end of the tank. The wave-
maker can generate irregular as well as regular waves. The
wave height at a maximum is 0.35 m with a maximum
depth of 1.3 m for wave periods in the range of 0.75 to 3.0
s. There is a beach at the right of the tank which absorbs
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Figure 1 Front and top views of the experimental setup (not drawn to scale)
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the wave energy to keep wave reflection to a minimum. It
is formed from several layers of sponge and hollow bricks.

In this study, 198 tests were performed under regular
wave conditions involving eleven wave periods in steps of
0.1 s, two wave heights, three orifice diameters, and three
draught values. A summary of all test conditions is listed
in Table 1. The water depth /# was set to 800 mm. The
steepness of the waves steepness ranged over 0.010 and
0.032 for the conditions set. Measurements were taken
over a 50 s time period for all gauges.

Figure 1 shows the experimental arrangement with the
data collecting gauge locations illustrated. The distance
from the wave paddle to the MC-OWC is 15 x 10> mm.
This is greater than two wavelengths [34]. This ensures
that the MC-OWC experiences have fully developed
waves across it for all the wave frequencies.

2.2 MC-OWC Geometry

The scaling of the model was done using Froude’s simili-
tude law A = 1:16 scale factor was used. This means that
an 800 mm water depth represents 12.8 x 10> mm full-
scale depth with a scale length of 3 x 10®> mm for the
model representing 48 x 10° mm for a full-scale device

Table 1 Test conditions

Orifice Draught Wave height Wave period
diameter d (mm) H (mm) T(s)
D (mm)
30 200 50 1.0-20
300
40 200 50 1.0-2.0
300
60 200 50 1.0-20
350 100
300

Note: Based on the water depth and test wave conditions, the wavelength is
calculated based on intermediate water
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length. Dimensions for the model are shown in Figure 2;
it was fabricated using glue from 10 mm Perspex sheets.
The dimensions of the Perspex chambers are shown in
Figure 2.

Incoming waves were dispersed about the device using
two galvanized steel triangular sheets. These reduced the
wave reflection. They were fixed to Ch-1 (the first cham-
ber) and Ch-4 (the final chamber), as shown in Figure 3(a);
it also illustrates that the device is a side-mount device on
the tank’s sidewall. This was done with three horizon-
tal rectangular sections, which were fixed using clamps
to the tank sidewalls, as shown in Figure 3(b). Each sec-
tion had two rods threaded for adjustment to keep the
model straight and the draught at the desired value. This
is illustrated in Figure 3(c). The power take-off system was
simulated using a circular orifice located at the top of the
chambers, as shown in Figure 3(d).

2.3 Instrumentation and Measurement

2.3.1 Wave Height Measurement

The length of the chamber (Lc) to shortest wavelength (L)
ratio was 0.24, which should eliminate sloshing modes
(Lc=L) [35]. Each chamber had a centre located wave
gauge to measure the water free surface oscillation #
(Lc=2, b=2) (G1-G4: C-Series Core Sensor, CS) as shown
in Figure 1. These gauges had a 5 mm diameter magnetic
float level transmitter with a 25 mm stroke length. The
induced voltages from these undergo 1500 Hz (period of
0.6 ms) digitization. #7 was obtained using the relationship
y =6 x V() where § is set by the wave gauge static cali-
bration. Additional two-wave gauges (Gin, Gout, model:
G-Series) were placed 300 mm from the front and back
faces of the device to measure the incoming and trans-
mitted wave heights. All the wave gauges were calibrated
manually at the beginning of each test as per the manufac-
turer’s instructions.
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Figure 2 MC-OWC device shape and dimensions
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2.3.2 Pressure Measurement

The differential air pressure (the difference between the
air pressure inside the chamber, p,, and the atmospheric
pressure, p,,,, fluctuation inside the OWC chamber is the
most significant parameter in estimating an OWC device
performance. The pressure inside the chamber is usually
measured at a single point [36, 37]. A single differential
pressure transmitter (P,—P,), (model: 616-20B, accuracy
+ 0.25% full-scale (E.S) with a range of £10 inch water
column (in.w.c)) was used for chamber differential air
pressure (Ap) measurement as illustrated in Figure 1. All
pressure transmitters were calibrated by Fluke 717 Series
Pressure Calibrators before the tests. Figure 3(d) illus-
trates that these were located 10 mm from the upper edge
of the rectangular section in each chamber.

2.3.3 Calibration of Orifice Plates

The PTO system in this work was represented by an ori-
fice manufactured using a laser cutting machine. This
simulated an impulse turbine. The orifice plate was cir-
cular and classified as a thin-walled opening orifice (the
ratio between the orifice thickness and orifice diameter
was less than 0.5 as given in Refs. [38, 39]). The diame-
ter of the orifices was in range of 0.1 < 8 < 0.75 (where
B = D,s./D as recommended by the International

ipe)
pipe
Organization for Standard ISO 5167-2 [40]. Each orifice

plate was experimentally calibrated using a Testo 480
IAQ Measurement Kit to determine its Coefficient of
Discharge (C,) according to the ISO 5167-2 standard.
The apparatus used in this calibration is illustrated in Fig-
ure 4. This shows two pressure taps normally located at a
distance of D,,;,, and 0.5 D, (D, is the pipe’s internal
diameter = 150 mm) upstream and downstream of the

Pressure

meter Butterfly
Q;)/ \(EP valve
—-——
P ¥

’ Dpipe_; *Dpipa-"'z"] 2
D... Airflow D N
flﬁ-—’ i
Orifice
HR P

Airflow

—

Figure 4 Orifice calibration test rig
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orifice, respectively [40]. These two taps are connected to
Dwyer 477AV-0 handheld digital manometer to measure
the differential pressure (p, — p;). The apparatus includes
a butterfly valve that can be used to adjust the airflow
rate (Q). The atmospheric pressure and temperature dur-
ing the calibration were measured to be 94 kPa and 22 C,
respectively. The dry air density, p,;, at this temperature
was taken as 1.2 kg/m?, The calibration was conducted by
changing the airflow rate, and a series of pressure drops
across the orifice plate was measured. The orifice Q air-
flow rate (m3/s) can be obtained from standard orifice
theory using Eq. (1).

2|Ap|
Q= CyA; s (1)
Pair

where the opening area of the orifice is A,, and the differ-
ential air pressure is Ap. Under known pressure and air-
flow rate, Eq. (1) was applied to determine the C,; which
was estimated to be C,; = 0.597.

2.4 Data Logging and Analysis

The data acquisition system (I/O) is utilised to collect the
raw data from the sensors at a sampling rate of 10 Hz. To
prevent waves reflection from the wave paddle, the win-
dow period for data collection was set at 50 s. The pres-
sure transmitter and wave gauge data are raw data logged
using a data acquisition system and transformed using
calibration coefficients into usable measurements. The
wave energy (P;,) per unit width of wave propagation
(wave energy flux) can be obtained from Eq. (2) [41]:

pgH?L <1 2kh >

Py =

" 16T sinh (2k#) @
where p is the fluid density, g is gravitational acceleration
9.8 x 10°> mm/s? L is the wavelength, T wave period, /
is water depth (#=0.7 m), and k is the wavenumber (k

=2m/L).

3 Results and Discussion

3.1 Regular Wave Tests

The primary reason for the experimental work is to assess
the influence of incident wave height, wave period, and
damping from the PTO on the parameters that control the
MC-OWC performance. These are pneumatic power P,
airflow rate Q, chamber water surface elevation 7, and dif-
ferential air pressure Ap.

One of the critical parameters that influence the device’s
performance is device draught. More details have been
presented in Ref. [20]. This parameter could tune the
device to a range of wave conditions, improving the pro-
posed model’s performance.
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Table 2 Orifice diameter and opening ratio

D (mm) 30 60 80
0.34 1.35 240

An example of the time-series measurement of these
parameters is shown in Figure 5. In the context of the
analysis, the time-averaged extracted pneumatic power
(P,) and the hydrodynamic efficiency (or capture width
ratio; €) were calculated from Egs. (3) and (4), respectively.

T
1
= ?/ Q) x Apdt, (3)
P,
&= b X Pm' (4)

The airflow rate through the PTO was calculated using
Eq. (1). The three different orifice plates used in this test
to introduce different damping factors were characterized
by the orifice opening ratio (R;), which is defined as the
opening area of the orifice (A4,) divided by the cross-sec-
tional area of the OWC chamber (4,) as summarised in
Table 2.
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3.2 Wave Height and Period Effects

The results of two different wave heights H = 50 and
100 mm over a range of wave periods T = 1.0-2.0 s (see
Table 1). This was with an orifice opening ratio R, =1.35%
and a draught of d = 250 mm. The effects of wave period
and height on the water surface elevation 7, the airflow
rate (Q), the pneumatic power P, and the differential air
pressure Ap are shown in Figure 6. It can be seen that
between the four chambers, the highest performance was
observed in the first chamber. In contrast, the perfor-
mance gradually decreased up to the fourth chamber.

This could be assigned to the energy absorbed by each
chamber and the energy lost in each chamber, which
reduces the available energy at the fourth chamber that
can be absorbed [42, 43]. The results in Figure 6 illus-
trate that each performance parameter has a similar trend
for both wave heights, but increasing the wave height
increases the absolute values of each parameter tested.
This may be due to increasing energy content in the larger
wave height.

An example of this effect is summarised in Table 3,
where the ratio between the average results is shown over
the whole period range tested (1.0-2.0 s) for H = 100 mm
and H = 50 mm. These results show that the four cham-
bers have similar responses to increasing the wave height.
For each chamber, it is known that changing the wave
period has a significant effect on device interaction with
incoming waves; it affects different energy components
such as reflected energy, transmitted energy, and energy
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Table 3 Effect of increasing wave height from 50 mm to 100
mm on device performance parameters (presented as a ratio)

Parameter CH-1 CH-2 CH-3 CH-4
N0/ Miso 1.56 1.59 1.59 1.55
Qp100/Quso 151 1.57 1.56 1.58
APi100/DP1iso 237 249 247 251
Potiioo/ Potis 4.25 4.10 413 4.21

losses [44, 45]. This, in turn, impacts the device’s perfor-
mance. Figure 7 illustrates the effects in terms of the time-
series results of the performance parameters. These are
for an orifice opening ratio R, of 0.0135 with a constant
wave height H of 0.05 m and a draught d of 0.25 m.

The overall performance of an OWC device can be
assessed using its capture width ratio (g) as given by Eq.
(4). Figure 8 illustrates the capture width ratio for each
chamber (g,) in the MC-OWC device when subjected to
a wave height H=50 mm. As can be seen, the maximum
capture width ratio for all chambers (Ch-1 to Ch-4) was
achieved at about 7= 1.3 s wave period, and this ratio
was 0.77 in Ch-1, 0.54 in Ch-2, 0.44 in Ch-3, and 0.32 in
Ch-4. The drop in the capture width ratio from Ch-1 to
Ch-4 follows the drop in the pneumatic energy, as shown
in Figure 6 (4th row). This assumes that the chambers
have an incident wave energy that is constant. The capture
width ratio reported in this study, especially Ch-1, is quite
a lot larger than found experimentally for a typical single

[ % #=50mm < A =100mm |
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Figure 6 Effect of wave height on water surface elevation n (1st row), airflow rate Q (2nd row), differential air pressure Ap (3rd row), and pneumatic
power P, (4th row) for different wave periods under a constant orifice opening ratio R, = 1.35% and a draught d = 250 mm
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Figure 8 Capture width ratio (¢.) for each chamber of the MC-OWC
device at a constant wave height H = 50 mm, a device draught d =
250 mm and an orifice opening ratio R, = 1.35 %

chamber OWC device with a symmetrical vertical plane;
i.e., there is an identical draught for the front and rear lips
[42, 46-48].

For example, using 2D wave flume experiments for an
OWC device with a single chamber, the work in Ref. [48]
found the maximum capture width ratio was 0.35, which
is lower than the first chamber maximum capture width
ratio of the model tested in this study [47] tested an off-
shore-stationary OWC in 3D. This provided a maximum

capture width ratio of about 0.26; this is even lower than
the capture width ratio for Ch-4 (0.32) of the MC-OWC
model considered here.

During the early stage of research and development of
such MC-OWC devices, Ref. [46] tested a three-chamber
MC-OWC and reported a maximum total capture width
ratio of 1.07, which is about 39% less than the maximum
value achieved with the first three chambers of the cur-
rent device [32] developed a two-chamber MC-OWC
model and found a maximum total capture width ratio of
0.93, which is about 29 % less than the value captured by
Ch-1 and Ch-2 of the model tested herein. This difference
could be related to the setup of Refs. [32, 46] experiments
where the devices were mounted on the tank sidewall;
therefore, the devices were only capable of harvesting the
incident energy from underneath the front lip and one
sidewall of the device. A more closely related work to the
present model is the Seabreath that has a total capture
width ratio of 0.92 [49]. Recently, He et al. [42] proposed
a box-type breakwater and floating with two OWC cham-
bers. This was tested and shown to provide a maximum
capture width ratio of about 0.36. The majority of this
value comes from the front chamber (¢, = 0.31) which
is, in total, about half the value captured by Ch-1 of the
model investigated here.

Figure 9 illustrates the impact of wave period and height
have on the MC-OWC device total capture width ratio
& with an opening ratio R, = 1.35% and constant device
draught d = 0.25 m. The results demonstrate that there
was an initial increase in ¢ as the wave period increased
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Figure 9 Effect of wave height on the total capture width ratio (g) of
the MC-OWC device for different wave periods at a constant device
draught d = 250 mm and an opening ratio R, = 1.35%

until the resonant period peaked at 7= 1.3 s; then, as the
wave period further increased, & reduced. When H = 0.05
m, there is a maximum for the total capture width ratio ()
of 2.1 at T = 1.3 s. This peak value decreases to 1.4 at the
same resonant period when the wave height H doubles to
0.1 m. However, over the entire wave period range, a wave
height increase from 0.05 to 0.1 m has inconsistent effects
in terms of the capture width ratio such that ¢ improves
by about 1.1-1.3 times in the long-period testing (T >
1.6). The larger wave height negatively impacts the short-
period testing (T < 1.6) performance of the device. This
results in € reducing by 0.70-0.90 times.
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Table 4 PTO damping coefficient (1)
R, R, Ry
R; (%) 0.34 1.35 240
(kg”?m="7?) 1854.6 463.7 260.8

The improvement in capture width ratio for a long-
period scheme could be due to the extracted pneumatic
power significantly increasing at these periods (see the 4th
row in Figure 6). Hence, with increasing wave height, the
energy losses increase, as explained in the energy balance
analysis for a single OWC device presented by Elhanafi
et al. [50]. Overall, the higher capture width ratio is shown
in Figure 9. This compares with what was reported in pre-
vious research, and highlights the effectiveness and signif-
icance of the present MC-OWC device.

3.3 PTO Damping Effect

The previous sections discussed the results of the tests
carried out with one PTO damping value. This section
describes the PTO damping influence on the MC-OWC
device performance. The experimental work was per-
formed for three alternative orifice diameters, i.e.,, PTO
damping values. The orifice pressure drop p is approxi-
mately proportional to the square of the airflow rate. This
is validated for each orifice using a damping coefficient
(7). This coefficient 7, is considered a key controlling fac-
tor for the OWC capture width ratio [21, 51]. This can be
computed using Eq. (5).
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Table 4 gives the values of the damping coefficients used
in this study.

In order to better assess the impact that the PTO damp-
ing has on the performance parameters (7, p, and Q), Fig-
ure 10 shows the variation of these parameters for all the
damping coefficients considered in these tests at a wave
height H = 50 mm. Overall, it is clear that PTO damp-
ing has a similar effect on the performance parameters of
every chamber. Figure 10 (1st row) shows that the inner
free surface elevation of each chamber # decreases as the
damping coefficient increases. For instance, # decreases
from 0.035 m in Ch-1 at T = 1.3 s to just about 0.01 m
at the same wave period when 7 increases from 260.8 to
1854.6 kg'> m~7"%, 'The airflow rate Q is a function of the
free surface vertical velocity V, (given in-compressible
flow). This is computed from the time differential of the
free surface elevation # where V, = dz/dt. The airflow rate
should follow the changes in #. This correlation is illus-
trated in the results in Figure 10 (2nd row); it can be seen
that Q has the same trend of # in all chambers. This is with
maximum and minimum values of about 0.03 and 0.005
m?/s, respectively, in Ch-1 at T = 1.3 s. These correlate
with the results reported in previous research [44, 52, 53],
which focused on single chamber OWC devices. How-
ever, Figure 10 (3rd row) illustrates that the differential air
pressure (p) had an opposite trend to the airflow rate (Q),
such that p gradually increases. For example, Ch-1 has a
minimum of 20 Pa and rises to a maximum of 166 Pa at T’
= 1.6 s with an increasing damping coefficient. The pneu-
matic power P, is a function of both p and Q; the results
in Figure 10 (4th row) illustrate a certain damping value
of 463.7 kg'/> m =7 where P, is maximum. The maximum
values decreased from 0.8 W (Ch-1) to 0.4 W (Ch-4) at T
=1.3s.

T =

VAp
= 5)

The device capture width ratio depends on the PTO
damping that the turbine has on the system and the wave
conditions. To quantify this influence, Figure 11 illustrates
the impact of three different PTO damping values on the
€ of the MC-OWC model when subjected to two different
wave heights with a constant draught of d = 0.25 m.

Figure 11 illustrates that the maximum capture width
ratio shifts to a lower wave period with decreasing PTO
damping. Hence, the opening ratio increases from 0.32%
to 2.4%. This is probably due to decreasing resonant
period inside the chamber with reducing PTO damping.
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This is in line with the numerical and experimental
results of onshore and offshore OWC devices reported by
[54-56].

Figure 11 shows how important PTO damping is. This
can be utilized to maximize the capture width ratio of the
device over a certain wave period range. For example, an
intermediate PTO damping (R,) could improve the device
capture width ratio for the entire wave period range under
both wave heights, but a larger PTO damping (R;) could
be more beneficial for the large-wave period operation,
especially for the smaller wave height H = 50 mm.

4 Conclusions

This work has addressed the MC-OWC wave energy con-
verter device composed of four fixed rectangular OWC
chambers. This device was considered as a direct comple-
ment for the development of MC-OWC devices towards
full-scale deployment. A set of tests on a physical model
were conducted to investigate the impact of the following
aspects on the model performance: (1) the wave condi-
tions including period and wave height for regular waves,
and (2) PTO damping representing the damping exerted
by the turbine on the OWC motion. The PTO damping
was modeled by varying orifice (circular opening) diam-
eters, with each diameter corresponding to a damping
coeflicient.

From the results discussed, the following main points
can be made. The influence of the PTO damping on the
system is a key factor that has the greatest influence on
the device performance. The chamber pressure is higher
when the PTO damping increases. There is also lower free
surface motion and lower airflow rate for all the incident
wave periods with increasing PTO damping. The wave
period at which the peak capture width ratio occurs was
found to reduce as the PTO damping decreases. Further-
more, among the three damping values tested, the inter-
mediate with an orifice opening ratio R, = 1.35% was
found to be the optimum damping that can maximize the
capture width ratio for all chambers over all the regular
wave conditions tested.

Incident waves can pass both underneath and around
the OWC chamber sidewalls with the design of the
model tested. Therefore, the maximum capture width
ratio obtained was 2.1 under regular wave conditions.
These values were the highest among all similar con-
cepts that have been reported in previous research. This
improvement in the capture width ratio is deserving of
further investigation under more realistic irregular wave
conditions.
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Figure 11 The impact of three orifice opening ratios (PTO damping)
and two wave heights on the total capture width ratio (€) under
constant draught d = 250 mm
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Appendix
Experiment Uncertainty and Repeatability Analysis

The uncertainty analysis performed for these experi-
ments is in accordance with the International Organiza-
tion for Standardization (ISO) Guide for the Expression
of Uncertainty in Measurement [57], also called GUM.
This method was adopted by the International Towing
Tank Conference (ITTC) [58, 59]. According to the ISO
(2005), experimental uncertainties are categorized into
two groups, Type 1 (Random), which is estimated from
repeated measurements, and Type B (Systematic), which
is estimated using the available information such as the
calibration procedure and data provided by the manu-
facture of each instrument. In the experimental tests
performed in this work, excellent experimental repeat-
ability was achieved, and all measurement uncertainties
were in the order of + 6 %, giving a level of confidence

+  Test2

#*  Testl

Gyt (mm) Giyy (mm)

G2 (mm) Gl (mm)

Gd (mm)  G3 (mm)

0 2 +

t(s)
Figure 12 Sample time-series data of the experiment repeatability for a wave condition of H= 50 mm, T= 1.6 s and a constant opening ratio of
R=134%

0 2 4
t(s)
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Figure 13 Sample time-series data of the experiment repeatability for a wave condition of H= 100 mm, T = 1.6 s and a constant opening ratio of
R=134%

of approximately 95 %, as shown in Figures 12, 13, and
14. These conditions included non-sequentially repeated
runs as recommended by ITTC [58, 59] to demonstrate
experimental repeatability.

Table 5 summarizes the three test uncertainty condi-
tions at a constant opening ratio and fixed device draft.

Table 6 summarises all of the uncertainty analyses for
the experiments conducted in this project. US-A is the
uncertainty Type A, US-B is the uncertainty Type B, the
US is the standard uncertainty, and the expanded uncer-
tainty was listed in the last column in Table 6.
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Figure 14 Sample TIME-series data of the experiment repeatability
for a wave condition of H= 100 mm, T = 1.2 s and a constant
opening ratio of R= 134 %

Table 6 Experimental uncertainity
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Table 5 Repeatability test conditions
Test number Wave height Wave period
H (mm) T(s)
Test 1 50 1.6
Test 2 100 1.6
Test 3 50 12

Instruments 2*Ug 5 Standard uncertainity 2*Expanded uncertainity
2*Ug g Us
(H=50mm) (H=100 mm) (H=50mm) (H=100 mm) (H=50 mm) (H=100 mm)
Gy, (mm) +0.265 +0271 =+ 0.0020 +0.265 +0271 +1.140 + 1.166
Gy (Mm) +0.124 +0.125 +0.0420 +0.131 +0.132 +0.563 +0.567
G1 (mm) +0.008 =+ 0.008 +0.1341 +0.134 +0.134 +0578 +0578
G2 (mm) +£0015 +0015 £ 0.0086 +0017 +0.017 +0.074 +0.074
G3 (mm) £+ 0011 £+ 0.011 +00126 +0.017 +0017 +0.072 +0.072
G4 (mm) +0.003 +0.003 +00163 +0.017 +0017 +0.071 +0.071
P1 (Pa) +0.833 +0.775 +0.0012 +0.833 +0.775 +3.584 +3.335
P2 (Pa) +2.087 + 1443 +0.0020 +2.087 +1.443 +8.980 +6.209
P3 (Pa) +0.549 +0.662 =+ 0.0004 +0.549 +0.662 + 2362 + 23849
P4 (Pa) +1.259 +0.692 4 0.0041 +1.259 +0.692 +5418 +2978
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